Mica-amphibole-lamprophyres, identified as vogesites, are associated with the Paleoproterozoic Morro do Afonso syenite intrusion in northeastern Brazil. The lamprophyres occur mainly as dykes that crosscut the syenitic rocks and occasionally as enclaves. Lamprophyric rocks are formed by the early magmatic paragenesis amphibole-clinopyroxene-apatite-phlogopite-ilmenite; feldspars are found in the groundmass. Near liquidus amphibole is edenite, close to the boundary with pargasite, which is enriched in alkalis relative to the other amphiboles (Mg-hornblende and actinolite). Clinopyroxene is diopside, and inclusions of phlogopite are analyzed in both clinopyroxene and amphibole phenocrysts. The chemical evolution of the mafic minerals is consistent with increasing oxygen fugacity during late magmatic stages. Whole-rock geochemical data suggest a metaluminous, ultrapotassic parental liquid, with silica saturation close to the limit of undersaturation. Trace element concentrations, such as enrichment in large ion lithophile and strong depletion of some high fieldstrength elements, indicate a mantle source that was partially modified by a subduction event. In this metasomatic mantle, it is important to emphasize the strong enrichment of light rare-earth elements, which is higher than those typically associated with basaltic rocks from active continental margins, and corresponding concentrations similar to those determined in lamproitic rocks. Major element modeling shows that fractional crystallization and magma flow segregation are the main petrogenetic processes involved in the magmatic evolution of lamprophyre magma, and it is possible to generate syenite magma by these mechanisms.
Introduction
Lamprophyres are generically referred to as ultramafic, mafic, or intermediate rocks that intrude the basement at shallow-crustal levels and form dykes and/or sills. Furthermore, lamprophyres are porphyritic rocks comprising phenocrysts of mafic minerals and apatite, set in a groundmass that usually consists of the same early crystallized minerals, plus alkali feldspar and/or plagioclase. Among the early magmatic mafic minerals are phlogopite, olivine, amphibole, clinopyroxene, and apatite. The mineralogy of lamprophyres is diverse, including ilmenite, garnet, titanite, allanite, sulfide, quartz, carbonate, zircon, thorite, monazite, and other minor phases as well. Extensive reviews of lamprophyric rocks can be found in Bergman (1987) and Rock (1987 Rock ( , 1991 . Although lamprophyres have been considered late intrusions, Barnes et al. (1986) and Ayrton (1991) show that such magmas intrude granite systems during crystallization and Sabatier (1991) describes lamprophyric mafic microgranular enclaves in magnesiumpotassic Hercynian granites. Plá Cid et al. ( , 2003 present enclaves of minette composition mingled at upper mantle pressures with potassic syenitic magmas from southern Brazil.
Petrographic relationships observed in both lamprophyres and lamproites suggest that such rocks crystallize from volatile-rich magma produced from a metasomatized mantle source. The petrogenetic model of metasomatic mantle was developed initially to explain a worldwide range of intraplate oceanic and continental magmas, usually with alkaline signature, that presented geochemical and isotopic features typical of subduction-related settings. Among these alkaline magmas are lamproites and lamprophyres (Ringwood, 1990) . The first studies to attempt to identify and classify the components and reservoirs of the mantle sources were developed by McCulloch et al. (1983) , White (1985) , and Zindler and Hart (1986) . However, Hofmann and White (1980) and Ringwood (1982) suggest that subduction of basaltic oceanic crust is connected with the petrogenetic processes responsible for the source composition of intraplate magmas. Kesson and Ringwood (1989) explore the theory that partial melting of the oceanic crust occurred between 100 and 300 km, and the partial melts migrated to the lithosphere mantle wedge, composed of depleted peridotite, and promoted a refertilization of the region. Furthermore, many studies (e.g., Esperança and Holloway, 1987; McKenzie, 1989; Ringwood, 1990; Foley, 1992; Gibson et al., 1993; Mitchell, 1995; Chazot et al., 1996) of mantle metasomatism, mechanisms of fertilization, petrogenetic processes, source mineralogy, and products have been developed, though it is not the aim of this article to discuss them.
Lamprophyres are frequently related to orogenic settings, because oceanic plate subduction may promote metasomatism in the lithosphere mantle. Even in areas lacking evidence of an actual subduction setting, geologic events suggest that a paleosubducted slab may have modified the mantle. In this way, the record of an ancient metasomatic event may be preserved during several hundred million years by the lithosphere mantle (Wilson, 1989; Gibson et al., 1995) .
In Bahia (Fig. 1 ), eastern Brazil, four occurrences of calc-alkaline to alkaline lamprophyric rocks have been described, in association with syenites and volcanosedimentary sequences: (1) in Potiraguá, south Bahia, spessartites are described in association with undersaturated Neoproterozoic syenites (Souto, 1972) ; (2) in the monzosyenite Guanambi-Urandi Batholith, southwestern Bahia, minettes are described in association with the 2.1 Ga Cara Suja alkali feldspar syenite (Paim et al., 2002) ; (3) in the carbonatite complex of Angico dos Dias, north Bahia, alkali-lamprophyres are associated with silica-saturated syenites and carbonatites of Paleoproterozoic age (Silva et al., 1988) ; and (4) in the Morro do Afonso Syenite Pluton (MASP), northeastern Bahia, vogesites, initially identified by Conceição et al. (1995) , are associated with alkalifeldspar syenites and gold mineralization (Vasconcelos and Becker, 1992) .
The MASP has an estimated crystallization age between 2081 ± 27 and 2098 ± 9 Ma, according to Pb-Pb isotopic data using the zircon evaporation method (Rios, 2002) . However, T DM ages obtained through the Sm-Nd isotopic method suggest an Archean/Paleoproterozoic minimum extraction age of 2.56-2.58 Ga for the parental magma of this syenite intrusion (Rios, 2002) . Similar results were found by Rios (2002) in other K-enriched intrusions of the Serrinha nucleus, as well as by Rosa (1999) in potassic and ultrapotassic syenites and monzonites from western Bahia. We believe the similar Archean T DM values determined for all K-enriched plutons, widespread in São Francisco Craton, preclude the significant role of continental crust contamination during the rise of alkaline magmas. Therefore, such values are probably related to the extraction age of primary magmas from a mantle source, probably metasomatized during the Archean by subducted slab dehydration.
This article deals with the petrographic, mineralogical, and geochemical aspects of lamprophyres associated with the MASP, as well as their petrogenetic relationship with the host syenite rocks.
Geological setting
In Bahia state, there are three Archaean nuclei-Serrinha (SerN), Remanso, and Guanambi-separated by Paleoproterozoic orogenic belts ( Fig. 1 ) that form the São Francisco Craton (Mascarenhas, 1979) . At SerN, interpreted as a granite-greenstone association, and along the orogenic belts, several Paleoproterozoic syenite intrusions occur (Conceição, 1993; Rios, 1997; Rosa, 1999; Conceição et al., 2000 Conceição et al., , 2002 . The late-and posttectonic rocks of SerN, similar to the greenstone belt of Abitibi, Canada (Wyman and Kerrich, 1988) , are represented by granodiorites, monzonites, syenites, syenodiorites, and shoshonites (Matos and Conceição, 1993; Rios, 1997 Rios, , 2002 Conceição et al., 2002) . The syenites occur as discrete intrusions, cross-cutting the greenstone belts and/or Archaean gneisses, and thus postdate the major crustforming events. One syenitic intrusion is represented by the MASP. In this pluton, lamprophyres are contemporaneous with the syenite magmatism, as indicated by observed liquid relationships (Rios, 1997) . In the Cara Suja Massif, the typical lamprophyre-syenite-greenstone belt association occurs, and gold mineralization has been detected in the lamprophyric and syenitic rocks. In this region, massif sulfide bodies are closely related to the syenite intrusion.
The lamprophyres associated with the MASP occur as enclaves and dykes. Dykes are generally less than 0.5 m wide but can reach up to 80 m. The contacts with the feldspar-rich cumulate syenites are sharp and irregular and occasionally globular with other syenite facies. Locally, the lamprophyre magma shows assimilation of feldspar xenocrysts. The enclaves are normally round or oval in shape, with an average diameter of 15 cm. Chilled margins, observed only in wider dykes, are less than 5 cm wide and occur close to the sharp contacts between lamprophyre and feldspar-rich cumulate syenites, where feldspar crystals from syenitic rocks are partially corroded and recrystallized.
The lamprophyre dykes occur in two different ways: (1) discontinuous synplutonic dikes with irregular shapes, locally showing internal pillow structures, suggesting the coexistence of lamprophyre and intermediate mafic-syenite magmas or (2) tabular dikes, cutting the magmatic flow structure of the host syenite. Internal accumulation of mafic minerals is observed in some dikes, due to the segregation promoted by magmatic flow. The mode of the lamprophyres suggests that magma intruded the syenitic host at different stages during MASP crystallization (Rios, 1997 (Rios, , 2002 .
Syenite rocks from the Morro do Afonso intrusion cover a semicircular area of approximately 12 km 2 . Three different facies are identified by Rios (1997) : leucocratic, mesocratic, and leucocratic syenites with features of alkali feldspar accumulation. (Mascarenhas, 1979) and Paleoproterozoic Mobile belts (Conceição, 1990) . (B) Geological sketch of the Serrinha block, showing (shaded areas) Archaean and Paleoproterozoic granite and syenite magmatism (Rios, 1997) . (1) Maria Preta gold mine; (2) villages; (3) Paleoproterozoic Morro do Lopes-type shoshonitic rocks; (4) Paleoproterozoic potassic rocks, including MASP; (5) Paleoproterozoic Itareru-type shoshonitic rocks; (6) Paleoproterozoic calc-alkaline rocks; (7) Paleoproterozoic Rio Itapicuru greenstone belt; (8) Archaean calc-alkaline granites; (9) Archaean basement.
Petrographic features
The lamprophyres of MASP are meso-to melanocratic rocks, slightly anisotropic, and display porphyritic and glomero-porphyritic, allotriomorphic to panidiomorphic textures.
The early minerals comprise clinopyroxene, mica, amphibole, and apatite. The alkali feldspar-rich groundmass exhibits phaneritic, fine-grained textures and well-preserved magmatic flow structures, which contain large amounts of amphibole, clinopyroxene, and mica, as well as rare albite-oligoclase. According to Le Maitre et al. (1989) , these rocks are vogesites (amphiboles > mica). Zircon, titanite, apatite, Fe-Ti oxides, sulfide, carbonates, quartz, epidote, monazite, and allanite can occur as accessory phases. The lamprophyres have abundant phenocrysts of amphibole and mica, which range in size from 1 to 4 cm, and are commonly zoned and twinned. Some clinopyroxene phenocrysts have amphibole rims produced by latemagmatic reequilibrium. Electron microprobe images reveal the presence of amphibole microinclusions in some clinopyroxene crystals, which suggests amphibole was an early magmatic phase. Apatite occurs as euhedral crystals included in clinopyroxene and mica phenocrysts. Centimeter-sized (up to 10.0 cm) gray crystals of strongly zoned alkali feldspar also are observed. These feldspars show adsorption and corrosion textures and are interpreted as xenocrysts from the syenite host rocks (Conceição et al., 1995) . The orientation of phenocrysts and groundmass minerals in the lamprophyre dikes suggests a nearly Newtonian flow.
The crystallization order in the lamprophyres (Rios, 1997) shows the early magmatic paragenesis is apatiteclinopyroxene-mica with lesser amounts of amphibole, Fe-Ti oxides, monazite, and zircon. In the late magmatic stages, these same minerals crystallize in low proportions, along with alkali feldspar, oligoclase, occasionally quartz, Fe-oxide, titanite, carbonate, and other accessory phases.
Mineral chemistry
Mineral chemistry studies were carried out only for the mafic phases (e.g., mica, clinopyroxene, and amphibole), because these minerals better reflect conditions of the early magma composition.
The chemical composition of minerals of the Morro do Afonso lamprophyres was obtained with an electron microprobe CAMECA SX-50 at the Electron Probe Laboratories of the Universidade Federal do Rio Grande do Sul, Brazil, and the Serveis Cientificotècnics of Universitat de Barcelona, Spain. Analytical conditions included a beam current of 10 nA, beam energy of 15 keV, and a spot size of 1 lm. Acquisition time was 20 s on the peak and 10 s on the background. Each element was standardized on either synthetic or natural minerals. Ferric iron was calculated by stoichiometry by the microprobe software and checked against the suggestions of Dropp (1987) , as well as through Minpet 2.01 software.
Mica
Representative analyses of mica crystals from Morro do Afonso lamprophyres are presented in Table 1 . The analyzed crystals are represented by phenocrysts, groundmass, and microinclusions in clinopyroxene and amphibole. Mica compositions belong to the biotite field, except for two analyses of cores of inclusions, which are phlogopitic (Mg/Mg + Fe 2+ > 0.66) in composition (Fig. 2) . The phlogopite crystals have Mg/Mg + Fe 2+ ratios up to 0.68, whereas in the biotite grains, the values range between 0.51 and 0.61. Fig. 2 shows the progressive decrease in the Mg/Mg + Fe 2+ ratio from included grains to phenocrysts and groundmass crystals. These high Mg concentrations relative to Fe 2+ indicate early magmatic crystallization. Such geochemical behavior has been observed in micas of the lamprophyres from Cara Suja intrusion, southwest Bahia (Fig. 2) , which presents textural relations similar to those of MASP.
Micas from lamprophyres associated with syenites from three different localities in Brazil plot close to or along the boundary between alkaline and calc-alkaline series (Fig. 3) . The relatively homogeneous composition of these micas reflects the original composition of the magma; large-scale contamination by syenite magma is unlikely. The discriminating diagram of Abdel-Rahman (1993) is not usually applied to micas crystallized from potassic and ultrapotassic magmas, but it seems most of the grains plot in a restricted region of this plot. This finding may indicate that the alkaline/calc-alkaline boundary is the compositional region in which mica grains crystallized from such magmas plot.
The composition of groundmass crystals and phenocrysts is nearly the same, reflecting crystallization in similar conditions. Relative to Si, we identify two groups. The first group is formed of inclusions, mostly groundmass crystals, and phenocrysts, in which Si progressively decreases from 6.19 to 5.85 apfu, whereas Al total contents remain constant around 2.5 apfu. Phlogopite inclusions have the highest Si amounts, and the Si decrease is not followed by an increase in Al concentrations (Table 1) . Therefore, VI Al also decreases, as observed by its variation from 0.72 to 0.14 apfu (Table 1) . Tetrahedral aluminum may be progressively incorporated in the substitution of Si, whereas Al total remains the same. The second group consists of some groundmass grains and one phenocryst belonging to the same sample (1281), which is richer in VI Al than the first group, for similar Si contents. (Fig. 4) , balanced by substitution of Si by IV Al. The increase of iron and titanium to the mica borders is corroborated by the appearance of Fe-oxide surrounded by titanite rims at later magmatic stages, as observed in other similar lamprophyric suites (Paim et al., 2002) . Such behavior is corroborated by various data (e.g., Métais et al., 1962; Carmichael, 1967; Velde, 1969; Boetcher et al., 1977; Jones et al., 1982) pertaining to micas from potassic and ultrapotassic rocks. Fluorine seems to be a good indicator of the early character (Abdel-Rahman, 1993) showing the compositional fields of micas from different magmatic series. Crosses, inclusions (core); circles, groundmass crystals; triangles, phenocrysts. Shaded areas: dark, Piquiri lamprophyres, southern Brazil (Plá Cid et al., 2003) ; light, Cara Suja lamprophyres (Paim et al., 2002) . of these mica grains. Phlogopite inclusions have intermediate F-concentrations reaching up to 0.87 wt%, whereas the other grains present less than 0.6 wt%.
The MASP lamprophyre mica has low TiO 2 contents, between 1 and 2 wt% in most grains. Paim et al. (2002) determine similar concentrations in mica from minettes associated with the Cara Suja syenite Massif. However, mica crystals from the two lamprophyre associations present different amounts of fluorine, the Cara Suja Massif may reach 4.1 wt%. Intermediate values of fluorine (1-2 wt%) in mica crystals were also measured by Plá Cid et al. (2003) in the Neoproterozoic minettes associated with the Piquiri syenite, southern Brazil. The average fluorine contents of micas from lamprophyres have been determined by different authors, such as Nemec (1968) , Kramer (1976) , and Luhr and Carmichael (1981) , who find values around 1.11 wt%. BaO is normally below detection limits. When detected, it appears to show compatible behavior, in that the phlogopite inclusions are normally richer than groundmass crystals and phenocrysts (Table 1) . However, several analyses of inclusions show BaO contents below the detection limit, as do some groundmass and phenocrysts analyses.
Amphibole
Representative analyses of amphibole grains are presented in Table 2 . The analyses were undertaken on microinclusions and rims in clinopyroxene phenocrysts, amphibole phenocrysts, euhedral groundmass crystals, and transformed zones on clinopyroxene phenocrysts. Amphibole compositions belong to the calcic group, according to the classifications proposed by Leake et al. (1997) . Most inclusions are edenite, because the alkali (Na + K) content is higher than 0.5 apfu. ) ratios. A younger generation of oxides is observed only in the late magmatic stages, when amphibole composition is characterized by high Mg/ (Mg + Fe 2+ ) ratios. In addition, edenite grains have preserved their composition since they were included in diopside crystals. Free-amphibole crystals reacted with the magma in new physicochemical conditions, producing the compositional gap. Thus, the difference between inclusions and the other amphiboles shows the geochemical change of the magma.
The amphibole composition of the Cara Suja lamprophyres (Paim et al., 2002 ) is very similar to that observed in the MASP, though the inclusions of amphibole in diopside phenocrysts were not observed in Cara Suja lamprophyres. In minettes associated with the Piquiri syenite (Plá Cid et al., 2003) , amphibole occurs as microinclusions and exsolutions inside diopside phenocrysts. Such amphiboles are edenite, Mg-hornblende, and actinolite, and as in the Morro do Afonso lamprophyre, amphibole is a probable near liquidus phase.
The edenite inclusions have an A-site occupancy reaching up to 0.79 apfu, and the alkali content in this site decreases to 0.51 apfu with an increase (6.51-6.97 apfu) in Si contents (Fig. 6 ). This behavior is similar to that in other types of amphibole, with progressive loss of alkalis and incorporation of Si. The early crystallization of alkali-rich amphiboles indicates the strongly alkaline nature of the primary magma. Such evolution is the opposite of that observed in mica, which evolves with decreasing Si concentrations. The Si content in amphibole is normally related to the magma Si contents (Giret et al., 1980) , which in these lamprophyres is not true for mica. This antipathetic behavior of the hydrated phases is probably related to the Si increase in the magma during fractionation, as attested by the late crystallization of alkali feldspar. The evolution is also characterized by a decrease in Ti concentrations in the late magmatic amphiboles, probably reflecting simultaneous crystallization of titanite (Fig. 6) . Fe 2+ , Fe 3+ , and Mg contents in edenite inclusions differ from the other amphibole crystals of the Morro do Afonso lamprophyres. Concentrations of these elements are relatively homogeneous in the inclusions, suggesting crystalli- zation in similar magmatic conditions, with low reequilibration with the magma. However, Mg-hornblende and actinolite grains show a general decrease of ferric and ferrous iron during crystallization and a progressive increase in Mg. The increase in Mg with decreasing Fe in mafic minerals suggests increasing oxygen fugacity, as is confirmed by the appearance of Fe-oxides during the last magmatic stages. Edenites are the most fluorine-rich amphiboles, with values reaching up to 1.0 wt% (uncorrected value), whereas the lowest F-contents (below detection limit) are obtained in actinolite amphiboles. Such concentrations are consistent with those determined by Paim et al. (2002) in the Cara Suja lamprophyres. Nearly all amphiboles, mainly the inclusions, plot in the field determined for the magmatic Ti-amphiboles (Fig. 7) . Actinolites plot in the field of secondary amphiboles. The less evolved amphiboles have intermediate contents of TiO 2 , higher than the values found in the Cara Suja lamprophyres (Paim et al., 2002) . Thus, the primary lamprophyre magma from Morro do Afonso has higher Ti contents than the Cara Suja; alternatively, other Ti-bearing phases were absent during crystallization of near liquidus amphiboles.
Pyroxene
Representative analyses of pyroxene grains appear in Table 3 . All analyzed pyroxene crystals belong to the calcic series, according to the nomenclature of Morimoto (1988) . Pyroxenes of the Morro do Afonso lamprophyres, as well as those of similar lamprophyre suites (Paim et al., 2002; Plá Cid et al., 2002) , are diopside with very constant composition (Fig. 8) . These grains are characterized by wollastonite contents of 46-49% and a more accentuated range in enstatite molecule (31-39%).
Substitutional schemes in diopside evolution are the replacement of Ca by Na in the M2 site, followed by MgTi fi Fe total substitution (Fig. 9) . Decrease in Ti with evolution is due to the late-magmatic crystallization of minerals such as titanite and probably mica. Neumann (1976) and Bonin and Giret (1985) describe major substitution in pyroxenes from alkaline anorogenic centers as the replacement of Ca by Na and Mg by Fe, implying an increase of the acmite molecule. According to these authors, this variation is explained by the changing Fe/ Mg ratio of the magma during fractionation, and Na increase is related to the increase in Si in the magma, as well as the increase in the Na/(Na + Ca) ratio. However, increasing ferric iron reflects increasing fO 2 in the magma in the latest crystallization stages, as also deduced from amphibole evolution. The substitutional scheme observed in the pyroxenes from Morro do Afonso lamprophyres differs from that in Cara Suja lamprophyres (Paim et al., 2002) in the titanium behavior. It may be explained by the very low TiO 2 contents (0-0.2 wt%) in the Cara Suja pyroxenes versus the higher contents of the MASP (0.1-0.62 wt%). As described for the amphiboles, this compositional difference is probably due to the higher Ti concentrations of the parental magma from the Morro do Afonso lamprophyres.
Geochemistry
Major and trace elements were analyzed at the Lakefied-GEOSOL Consortium Laboratories by x-ray fluorescence spectrometry [Si, Al, Fe, Mg (0.10%), Ca, Ti, P, Mn, Cl, S, Ba, Cs, Ga, Hf (8 ppm), Nb, Rb, Sn, Sr, Ta, Th, U (10 ppm), V (8 ppm), Y, Zr, W (10 ppm), Sc (10 ppm)] with lithium tetraborate fusion or atomic absorption (Na, K, Co, Cr, Cu, Ni, and Pb) with multi-acid digestion (HF, HCl, and percloric acid). The rare-earth elements (REE) were determined by ICP-AES spectrometry with previous concentration in ion exchange columns. Detection limits were 1 ppm for REE, 0.01% for major elements, and Table 4 . These lamprophyres chemically correspond to monzogabbro and monzodiorite, with slight undersaturated terms attributed to the less differentiated cumulate samples (Fig. 10) . Slight silica undersaturation and saturation are typically observed in micalamprophyres (Rogers et al., 1982) . In terms of alkali contents, these rocks are classified as alkaline, usually plotting in the silica-saturated alkaline field of a TAS diagram (Fig. 10) (Le Maitre et al., 1989) . The (Na 2 O + K 2 O)/ Al 2 O 3 Shand's index is below 1, indicating the metaluminous character of the magma. Compared with other mica-lamprophyres (Leat et al., 1988; Gibson et al., 1993 ; Nardi et al., submitted), Shand's index for the Morro do Afonso lamprophyres is lower, because of the lower alkali contents of magma. Sample 1317 is contaminated by alkali feldspar xenocrysts, as is reflected by the higher SiO 2 concentrations (Table 4) . Samples with around 44 wt% of SiO 2 probably have a cumulate component and are not treated as a representative of the magma. All samples that represent the lamprophyre magma are classified as vogesites. Lamprophyre samples used in the petrogenetic considerations have SiO 2 contents between 50 and 53 wt%. TiO 2 contents are low (1-1.3 wt%). The higher amounts of TiO 2 in the cumulate rocks reflect the presence of Fe-Ti oxides among the accumulated minerals. P 2 O 5 also behaves compatibly during fractionation, indicating the crystallization of apatite among the early magmatic minerals. The higher P 2 O 5 concentrations are observed in the low silica samples as well. (Morimoto, 1988 ). The CIPW normative presence of feldspars and absence of corundum and acmite confirms the metaluminous character of the original magma. In terms of silica, the Morro do Afonso lamprophyres are close to the boundary between saturated and undersaturated rocks, as is evident by the absence in most samples of both quartz and feldspathoid normative phases. Normative ilmenite and magnetite strongly decrease with differentiation from the cumulate rocks to the lamprophyres, which confirms that the Fe-Ti phase fractionation, probably as oxides, is an effective mechanism during magmatic evolution. Normative apatite contents behave similarly to ilmenite and magnetite, which indicates the fractionation of apatite during the early magmatic stages.
The Morro do Afonso lamprophyres have compositional characteristics typical of ultrapotassic rocks, as suggested by Foley et al. (1987) . The moderate MgO (4.5-7.7 wt%) and high K 2 O (4.1-5.6 wt%) contents, as well as the K 2 O/Na 2 O ratio greater than 2, point to the ultrapotassic composition of the parental liquid. Very similar major element compositions are determined by Paim et al. (2002) in the Cara Suja minettes and by Nardi et al. (submitted) for the Piquiri minettes in southern Brazil. Both lamprophyric occurrences are associated with (Foley et al., 1987) , which is typically characterized by Roman Province ultrapotassic lavas and orogenic rocks. However, in the CaO versus Al 2 O 3 diagram (Fig. 11) , these lamprophyres in the field are occupied by the transitional group IV. Several occurrences of this transitional group are minettes. Major element similarity with the orogenic group III suggests that the source of these lamprophyres was probably affected by an orogenic event before the generation of parental magma. The mg# is intermediate and varies from 50 to 59, which also is typical of micalamprophyres (Loyd et al., 1985; Esperança and Holloway, 1987; Gibson et al., 1993; Plá Cid et al., 2003) . Trace element contents of the Morro do Afonso lamprophyres show strong enrichment in volatile, Ba, Sr, and light rare earth elements (LREE), as well as total REE contents (Table 4 ). In contrast, most high field strength elements (HFSE), Cr and Ni present moderate to low concentrations. Large ion lithophile elements (LILE), LREE-enriched, and HFSE-depleted rocks are typical features in magmas produced by partial melting of mantle sources previously modified by metasomatic processes associated with a subducted slab (Ringwood, 1990; Foley, 1992) . Harrison (1981) shows LREE-enriched liquids cannot be formed by the melting of primitive mantle, and previous LREE enrichment of the source is required. Enrichment of LILE and LREE relative to HFSE and the negative anomalies of Nb, Ti, and P observed in Fig. 12 are typical of subductionrelated magmas. As deduced from isotopic data (see Section 1), such subduction events and subsequent mantle source metasomatism occurred during the Archean. For comparison in these figures, we also plot the Piquiri (Plá Cid et al., 2003 , 2005 and Cara Suja (Paim et al., 2002) Brazilian minettes to clarify the compositional agreement among the three suites. Plá Cid et al. (2003) discuss the metasomatic minerals that constitute the mantle source of Piquiri minettes, which may be quite similar to the source of Morro do Afonso and Cara Suja sources, as deduced from their geochemical similarity (Fig. 12) . The main melted paragenesis associated with the source region of Piquiri rocks is amphibole-phlogopite-apatite-clinopyroxene-(±garnet). Zr-and Sr-negative anomalies are present only in the cumulate rocks from Morro do Afonso lamprophyres, though we note a parallel with vogesites that reflects the cogenetic character of both rocks.
The REE patterns (Fig. 13 ) are strongly fractionated with La N /Yb N ratios varying from 90 to 177 and discrete Eu-negative anomalies (Eu/Eu* = 0.44 À 0.80). These patterns are similar to other minettes from Brazil (Paim et al., 2002; Nardi et al., submitted) , though with greater HREE fractionation. Compared with other localities, the Morro do Afonso lamprophyres plot in the upper part of the average field defined by mica-lamprophyre compositions (Fig. 13) . Rogers et al. (1982) , characterizing the Navajo minettes in Arizona, demonstrate that most lamprophyre types have an La/Yb ratio between 70 and 110 and Sm contents between 15 and 40 ppm. The Morro do Afonso lamprophyres have Sm concentrations in the range defined by Rogers et al. (1982) , but the La/Yb ratio can reach up to 177, indicating that LREE enrichment of the Morro do Afonso source is extreme, even for minette magmas.
Petrological considerations

Constraints on mineral composition
The near liquidus minerals from Morro do Afonso lamprophyres are represented by the apatite-clinopyroxeneamphibole-mica-(±Fe-Ti-oxides) paragenesis, which is similar to that observed in other lamprophyre associations, such as the Piquiri minettes and Cara Suja intrusion. In Esperança and Holloway (1987) ('s) experimental study of the origin of mafic minettes, diopside, phlogopite, and olivine are among the near liquidus phases, without evidence of amphibole. These authors worked in pressure conditions below those expected by Ehrenberg (1982) , Bachinski and Simpson (1984) , Gibson et al. (1993), and Plá Cid et al. (2003) for the mantle region where minette magmas are produced. We recognize amphibole among the near liquidus phases of this sort of magma. Amphibole crystallization clearly is limited to the early magmatic stages, but its consequence is unknown. The presence of this phase, together with mica and apatite, demonstrates the high-volatile activity in the parental magma. Fractionation of such a paragenesis, without clinopyroxene, would produce strong silica enrichment in early magmatic stages, which may explain why clinopyroxene is always observed as crystals surrounding the partially destabilized microinclusions of amphibole. The amphibole composition observed inside the clinopyroxene may be due to magmatic reactions between near liquidus crystals with magma, when clinopyroxene starts its crystallization. A similar phenomenon was noted by Plá in the Piquiri minettes, where nearly all clinopyroxene phenocrysts have abundant amphibole microinclusions in the core, whereas the borders are completely amphibole-free. In the case of the Morro do Afonso lamprophyres, an original composition of the amphibole close to the stability field of undersaturated pargasite or hastingsite is suggested by the composition of the more Si-poor specimens. Diopside is relatively homogeneous. The low amounts of TiO 2 reflect the low concentrations of this element in the magma. Diopside is formed together with Fe-Ti oxides and phlogopite in the earlier magmatic stages, and other mineral phases have higher partition coefficients for titanium than diopside. The normal magmatic evolution observed in this phase is similar to mica, with progressive substitution of Mg by Fe 2+ in the structure. The higher amounts of fluorine in the phlogopite inclusions, compared with the other micas, indicate higher pressure-temperature conditions of crystallization and confirm its early magmatic character, according to experimental work by Foley (1991) on fluorine contents in hydrated minerals. Fe 2+ and Ti are highest in the lesser-evolved samples, with SiO 2 around 44 wt%, whereas in the more differentiated rocks, the contents of Fe and Ti in mica are relatively homogeneous. Therefore, these elements are mainly retained by Fe-Ti oxides and phlogopite, as observed by the simultaneous crystallization of both phases in the earlier magmatic stages. Evensen et al. (1978) . Shaded field indicates the average contents of REE of lamproite rocks considered in Table 5 .
The low modal percentage of titanium-rich phases, restricted to some Fe-Ti oxide inclusions or late magmatic Fe oxides surrounded by titanite rims, is evidence of the low TiO 2 contents of the original liquid. The low Ti concentration in the original magma explains the lower contents determined in mica compared with mica grains from the minettes analyzed by Bachinski and Simpson (1984) . Several of their experimental studies reveal that the TiO 2 contents of mica crystals from potassic melts increase with increasing oxygen fugacity, decreasing pressure, decreasing H 2 O, and decreasing the mg# of the liquid. In mica crystals from Morro do Afonso lamprophyres, the slight Ti increase from core to border is probably due to mg# decreasing during crystallization with decreasing temperature. In the Cara Suja lamprophyres (Paim et al., 2002) , despite of the similar Ti contents, oxygen fugacity seems to have been higher than in the Morro do Afonso lamprophyres, as suggested by the crystallization of Fe oxides during the latest magmatic stages.
Constraints on geochemistry of lamprophyres
In the literature, the minette-syenite association is considered classical. However, the Morro do Afonso lamprophyres are mainly vogesites. The main difference between these two lamprophyre types reflects the modal proportions of amphibole and mica. However, as demonstrated by the geochemical aspects of Morro do Afonso vogesites, the composition of these rocks is similar to that of minettes associated with syenites worldwide. The lower water contents of the vogesite primary magma explain the slight mineralogical differences relative to the minettes. Since the 1980s, it has been known that minettes are formed by pulses of mafic magmas derived from metasomatized mantle. Harrison (1981) was among the first authors to propose that minettes are produced by melting of a mantle previously enriched with LREE. Thompson et al. (1989) completely discard the idea that such magmas are formed by melting of a K-rich crust, though crustal contamination may be a mechanism to explain the composition of some felsic minettes from Colorado plateau. Several doubts remain about where minettes are produced in the mantle. Garnet-lherzolite xenoliths found in the Tumb minette, Colorado Plateau (Ehrenberg, 1979 (Ehrenberg, , 1982 Roden, 1982) , suggest a 100-150 km deep source is needed for the genesis of such ultrapotassic rock. Plá Cid et al. (2003) find similar results for K-clinopyroxene and pyrope, described as among the earliest magmatic minerals of the Piquiri minettes, Brazil. Minette sources are also frequently correlated with kimberlites (Scott, 1979; Rogers et al., 1982) or lamproites (Nardi et al., submitted) .
Lamprophyres from Morro do Afonso are metaluminous, alkaline, ultrapotassic rocks with slightly undersaturated to silica-saturated characters. This characteristic is typically described in minettes, though all specimens described at Morro do Afonso are vogesites. Major element composition shows low TiO 2 contents, with compatible behavior, intermediate mg#, and high alkalis, P 2 O 5 concentrations, and K 2 O/Na 2 O ratios. These lamprophyres are also characterized by strong enrichment in Ba, Sr, and LREE and depletion in Nb, Cr, Ni, and HREE. Although some contamination by syenite magma at crustal levels affected lamprophyre (see sample 1317, Table 4), the magmatic signature seems preserved. Similar compositional characteristics are described in the literature for both minette and lamproite suites (Bergman, 1987; Leat et al., 1988; Mitchell and Bergman, 1991; Gibson et al., 1993; Paim et al., 2002; Plá Cid et al., 2003) . Rios (1997) discusses the compositional similarity between the Morro do Afonso lamprophyres and lamproitic rocks. There is also a strong compositional similarity between the Morro do Afonso vogesites and the associated low-silica cumulate rocks. Such evidence suggests the cogenetic character of both rocks, as confirmed by geochemical modeling.
In Table 5 , we compare the geochemical ratios of the Morro do Afonso lamprophyres with minettes and lamproites from other localities. The LILE and LREE are enriched relative to the HFSE. There is good agreement between most elemental ratios of the Morro do Afonso vogesites and minettes from the Piquiri syenite (Plá Cid et al., 2003) , except for Rb, which is lower in the studied lamprophyres. The Brazilian lamprophyres have La/Yb ratios close to those determined in lamproites and higher than the average of minettes, which supports the LREE-enriched nature of the mantle beneath the Brazilian continental crust. Conceição et al. (1995 Conceição et al. ( , 2002 provide evidence that a LILE-and LREE-enriched mantle source produced the syenitic and lamprophyric magmatism in the Serrinha nucleus. Geochemical composition of the syenites and lamprophyres agrees with a mantle source previously modified by interaction with fluids/melts of a subducted oceanic slab. The isotopic data obtained in the Morro do Afonso, as well as other potassic and shoshonitic intrusions in Serrinha (Rios, 2002) and Guanambi (Rosa, 1999) nuclei, suggest that these T DM -age (2.56-2.58 Ga) represent the extraction age of the primary melts from a metasomatized mantle affected by a subducted slab in a collisional setting before the Paleoproterozoic. Although the source of this magmatism is probably correlated with an older subduction, the main metamorphic event in the basement rocks in the Serrinha nucleus is dated at 2.1 Ga, and paleoproterozoic calc-alkaline rocks are associated with juvenile magmas with similar chemical signature to felsic rocks from the Itapicuru greenstone belt, which suggests a second collisional event during the Paleoproterozoic, close to the crystallization age determined for the MASP. However, such a collision could not be responsible for the hybridization of the mantle source of syenites and lamprophyres from Morro do Afonso, and its role in the uprising of these magmas remains unknown.
Several authors (Leat et al., 1988; Janasi et al., 1993; Conceição et al., 1995) argue that minette liquids could produce syenite magmas by crystal fractionation. Plá Cid et al. (2005) show that crystal fractionation from a minette magma is not a petrogenetic mechanism capable of explaining the composition of the associated ultrapotassic Piquiri syenite. Therefore, this syenite is formed by several facies, or different magmas, and only the diopside-phlogopite syenite might be genetically related to the minette magma by fractionation. To test the possible genetic relationship between lamprophyres and syenites in the Morro do Afonso intrusion, we use GENESIS software, version 2.0 (Teixeira, 1996) , to model the major element evolution of a fractionating lamprophyre magma (Table 6 ).
The lamprophyres, as detailed previously, include among their early magmatic minerals diopside, phlogopite, amphibole, ilmenite, and apatite. The chemical composition of mafic silicates we use in the modeling is that presented previously. Analyses of apatite from Cara Suja (952) and samples with different silica saturation from the syenite intrusion (Table 6 ) to explain the fractionation mechanism.
The chemical variation of different samples of lamprophyres is explained by fractionation of amphibole + apatite, with a produced deviation value of 0.515. Clinopyroxene was also tested as a fractionating phase, though the result is better for the paragenesis amphiboleapatite only. The results show that by fractionating some early magmatic phases (less than 10% of solid) from the lamprophyre magma, it is possible to explain the internal geochemical variation of the lamprophyric rocks. Phlogopite was not present among the fractionated phases. Lamprophyres and mesocratic syenites are genetically related, as deduced from fractionation modeling, which shows that lamprophyre magma may produce syenitic rocks with lower silica contents (Table 6 ) by fractionating the assumed early magmatic minerals. The assumed solid percentage is between 30 and 40%. The composition of this cumulate rock is probably ultramafic, with a higher amount of amphibole relative to clinopyroxene. We performed a second type of modeling to test the possible mechanism of petrogenetic evolution from low-silica syenites (56 wt%) to intermediate syenites (59 wt%). Fractionation of clinopyroxene-mica-apatite promotes this petrogenetic evolution. The composition of the fractionated solid is similar to that of rocks interpreted as cumulates (SiO 2 , 44 wt%) and assumed to have minette composition. It is therefore possible to explain the generation of the cumulate rocks with a mineral composition similar to those of the minettes by fractionation of the mesocratic syenite magmas. The low deviations indicate that such a mechanism is a plausible explanation of the lamprophyre-syenite link in the MASP and suggest that only one lamprophyre parental magma, with vogesite composition, was present.
Conclusions
The crystallization order of the Morro do Afonso lamprophyres shows near liquidus paragenesis composed of phlogopite-diopside-edenite-apatite-(±Fe-Ti-oxide). During crystallization, phlogopite evolves to Mg-biotite and low-silica edenite to Mg-hornblende. Mineral chemistry of clinopyroxene and amphibole indicates a slight increase of oxygen fugacity in the late magmatic stages. Crystallization of late magmatic Fe-oxides supports this hypothesis. Mica crystals from Morro do Afonso lamprophyres, as well as those of minettes from other Brazilian localities, plot along the boundary between alkaline and calc-alkaline magmatic rocks. Although additional studies on this subject are necessary, mica grains of ultrapotassic lamprophyre magmas also may plot in this compositional region.
Morro do Afonso lamprophyres are alkaline, metaluminous, and ultrapotassic rocks, with a mineralogical composition compatible to that of vogesites. These rocks are Paleoproterozoic in age (Rios, 2002) , and field relationships demonstrate that the lamprophyre and syenite magmas coexisted. The vogesites crystallized from a magma extremely enriched in LILE and LREE and relatively depleted in HFSE, Cr, and Ni. Such characteristics exclude a typical peridotitic mantle source. The enrichment in trace elements such as K, Ba, Sr, Cs, La, Ce, and Nd is typically observed in magmas produced by partial melting of a metasomatized mantle source. The lamprophyres exhibit trace-element patterns similar to those of active continental margins basalts. Several trace element ratios are close to those observed in minettes and lamproites, suggesting that the source of these vogesites may have a similar composition. Their composition is also very similar to minettes found in association with syenites in different parts of Brazil.
Major element modeling shows that crystal fractionation and accumulation, by flow segregation, are two petrogenetic processes associated with the evolution of the lamprophyric and syenitic rocks of Morro do Afonso. Amphibole + apatite segregation explains internal differentiation in the lamprophyre magma. Amphibole-clinopyroxene-mica-apatite-ilmenite paragenesis probably was fractionated and generated the mesocratic syenitic rocks from the lamprophyre magma. Evolution from mesocratic syenites to intermediate syenites is characterized by the formation of cumulates of clinopyroxene-mica-apatite. Mineralogical composition of these cumulates is typical of minettes. The calculated chemical composition of cumulates is close to that of cumulate rocks found in the MASP.
Phlogopite is the near liquidus mica crystallized from worldwide vogesites. The mica crystals at Morro do Afonso have low contents of TiO 2 relative to worldwide minettes. This feature is also observed in the Cara Suja minettes and similar to that of calc-alkaline and alkaline rocks. The chemical evolution of these micas is marked by the substitution Mg + VI Al fi Fe 2+ + Ti and Si fi IV Al. Fe and Ti incorporation is supported by the crystallization of Fe oxide and titanite in the later magmatic stages.
Amphibole has a wide compositional range; near-liquidus crystals are low-silica edenite, but Mg-hornblende and actinolite are also present. This evolution is similar to that of minettes associated with the Cara Suja and Piquiri syenites. Ti contents are lower in late magmatic actinolite, reflecting simultaneous crystallization of Tibearing phases, such as titanite. Fe concentrations progressively decrease during amphibole evolution, and increase of Mg-contents is observed.
Clinopyroxene crystals are diopside with homogeneous composition. Substitutional schemes involve replacement of Ca by Na, as well as the relation (Mg + Ti) fi Fe total . Such evolution is evidence of an increase in the acmite component, suggesting that progressive enrichment of silica in magma aids the incorporation of Na in the pyroxene structure. The enrichment in the acmite molecule is additional evidence that lamprophyre evolution is marked by an increase in fO 2 -conditions.
